Methionine loading seems to be accompanied by increased oxidative stress and damage. However, it is not known how this oxidative stress is generated. We performed the present crossover study to further elucidate the effects of methionine loading on oxidative stress in the blood of healthy volunteers, and to examine possible preventative effects of N-acetylcysteine (NAC) administration. A total of 18 healthy subjects were given two oral methionine loads of 100 mg/kg body weight, 4 weeks apart, one without NAC (Met group), and one in combination with supplementation with 2 × 900 mg doses of NAC (Met + NAC group). Blood samples were collected before and 2, 4, 8 and 24 h after methionine loading for measurements of thiol levels, protein carbonyls, lipid peroxidation, cellular fibronectin and ferric reducing ability of plasma (FRAP; i.e. antioxidant capacity). After methionine loading, whole-blood levels of free and oxidized cysteine and homocysteine were increased in both groups. Furthermore, the total plasma levels of homocysteine were higher, whereas those of cysteine were lower, after methionine loading in both groups. Lower levels of oxidized homocysteine and a higher free/oxidized ratio were found in the Met + NAC group compared with the Met group. Although the antioxidant capacity decreased after methionine loading, no major changes over time were found for protein carbonyls or cellular fibronectin in either group. Our results suggest that methionine loading may initiate the generation of reactive oxygen species by the (auto)-oxidation of homocysteine. In addition, supplementation with NAC seems to be able to partially prevent excessive increases in the levels of homocysteine in plasma and of oxidized homocysteine in whole blood, and might thereby contribute to the prevention of oxidative stress.
INTRODUCTION
The essential amino acid methionine is of particular importance in metabolism and protein synthesis. In the methylation of DNA and proteins, for example, methionine is converted into homocysteine, which occupies a central position in both methionine and sulphur metabolism. Homocysteine can be remethylated, or it can be converted into cysteine in the transsulphuration pathway [1] [2] [3] . Cysteine is the only thiolcontaining amino acid in proteins [1] . The metabolism of cysteine is complex; its degradation proceeds by several pathways leading to the formation of taurine or inorganic sulphate [4] , and it is also the rate-limiting amino acid in the synthesis of glutathione (GSH), providing the free -SH residue [1] . GSH is synthesized by two consecutive reactions, catalysed by γ -glutamylcysteine synthetase and glutathione synthetase, in which cysteine, glutamate and glycine are successively combined [5, 6] . The capacity of a particular cell to up-regulate GSH synthesis may be an adaptive cellular response to an increase in oxidative stress, being defined as a disturbance in the (pro)oxidant/antioxidant balance in favour of the (pro)oxidant.
Reactive oxygen species (ROS) such as superoxide, hydrogen peroxide and the perhydroxyl and hydroxyl radicals can be formed by several pathways, including metabolism of xenobiotics, physical factors and as byproducts of physiological enzyme reactions. They can also be generated by the (auto)-oxidation of thiols, especially cysteine and homocysteine [6, 7] , which proceeds through oxidation of the free -SH group, resulting in (mixed) disulphides. The thiol redox scheme and the capacity for ROS formation are the keys to both the noxious properties and the cytoprotective functions of aminothiols [1] .
Damage caused by ROS is diverse, ranging from lipid peroxidation to modification of proteins or even damage to DNA [7, 8] . Glutathione and the related enzyme glutathione peroxidase provide an import antioxidant system against ROS. GSH itself can serve as an antioxidant, in addition to its role as a cofactor in the reaction of glutathione peroxidases, which scavenge ROS upon oxidation of glutathione [6, 9] . To maintain the cellular redox balance, the oxidized form of glutathione [6] is either quickly reduced by glutathione reductase or excreted when excessive amounts are formed [9] . Therefore the ratio between the reduced form (GSH) and the oxidized form (GSSG) of glutathione may be an important indicator of oxidative stress. N-Acetylcysteine (NAC) could be an important metabolite, since its deacetylation leads to increased availability of cysteine, which may enhance glutathione synthesis [10] . Moreover, oral administration of NAC (600 mg, three times daily) has been shown to increase antioxidant capacity [11] .
During oral methionine loading, homocysteine concentrations are transiently increased, which could result in increased oxidative stress through the (auto)-oxidation of homocysteine; however, the exact mechanism by which homocysteine exerts this effect is not yet known. It has been shown that, during oral methionine loading, markers of oxidative stress and endothelial dysfunction were elevated [12] [13] [14] . Furthermore, pretreatment with vitamin C could prevent the adverse effects of increased homocysteine levels [15] . The present study was performed to further elucidate the process of oxidative stress generation after methionine loading, and to examine its possible prevention by NAC, in an attempt to provide more information about the occurrence of transient oxidative stress during methionine loading, which can be used as a model system for vascular oxidative stress in humans.
MATERIALS AND METHODS

Subjects and study design
The experimental protocol was approved by the Medical Ethical Review Committee of the University Medical Centre Nijmegen. We recruited 18 adult non-smoking subjects, comprising ten females and eight males, who provided informed consent to the study. None of the subjects suffered from diabetes mellitus or any vascular disease, was sensitive to NAC, or used vitamin supplements. All female subjects used contraceptive prophylactics.
In this crossover study, subjects were randomly assigned to one of two treatment schedules ( Figure 1 ): schedule A, which consisted of methionine loading (100 mg/kg body weight) with NAC supplementation (900 mg) immediately and 4 h after methionine loading on day 1 and methionine loading only on day 28 (n = 9); or schedule B, which was the reverse protocol (n = 9).
Blood samples were drawn from the subjects before methionine loading and 2, 4, 8, and 24 h after loading in order to measure thiol concentrations, content of protein carbonyls, antioxidant capacity, cellular fibronectin (cFN) and thiobarbituric acid-reactive substances (TBARS). Samples collected after methionine loading alone comprised the Met group, whereas samples collected after methionine loading with NAC supplementation comprised the Met + NAC group. To diminish hormonal influences, a time interval of 4 weeks was allowed to elapse between the two experiments, ensuring that the female participants were at the same stage of their menstrual cycles.
Assay of thiol levels
Blood samples were collected into sterile tubes (Sherwood Medical, Ballymore, Northern Ireland, U.K.) containing EDTA, and were directly processed on ice for the assessment of levels of free and oxidized thiols, as described previously [9] . The remaining blood was centrifuged in a Biofuge centrifuge at 10 000 g for 10 min, and plasma was stored in two aliquots at − 80
• C until analysis.
Total cysteine, homocysteine, cysteinylglycine and glutathione concentrations in plasma, and free and oxidized levels of these thiols in whole blood, were determined by HPLC exactly as described previously [9, 16] . From the levels of free and oxidized thiols, the free/oxidized ratio was calculated for each thiol.
Figure 1 Treatment schedules
Treatment schedule A or B was randomly assigned to each subject. Schedule A: day 1, NAC supplementation (900 mg) immediately and 4 h after methionine loading (100 mg/kg); day 28, methionine loading (100 mg/kg) only. Schedule B: day 1, methionine loading (100 mg/kg) only; day 28, NAC supplementation (900 mg) immediately and 4 h after methionine loading (100 mg/kg). On each study day, blood was sampled before and 2, 4, 8 and 24 h after methionine loading.
A lower free/oxidized ratio is indicative of a larger oxidized fraction in the total thiol pool. Thiol levels were expressed in µmol/l, whereas the free/oxidized ratio is dimensionless.
Assays of parameters of oxidative stress
The ferric reducing ability of plasma (FRAP) assay, as described by Benzie and Strain [17] , was used to assess the antioxidant capacity of the plasma. This assay is based on the ability of plasma to reduce Fe(III) to Fe(II). Antioxidant capacity was expressed in nmol of Fe 2+ equivalents/ml.
Oxidative protein damage was assessed by measurement of the amount of protein carbonyls in plasma using an ELISA, as described by Buss et al. [18] . Carbonyl levels were expressed in nmol/mg of protein.
As a measure of endothelial damage, the amount of cFN in plasma was determined using the ELISA method adapted from Schultze et al. [19] . Due to instability of the purified cFN used in the calibration curve, cFN was expressed as absorbance units, which can be justified by the measurement of all samples from a subject on the same microtitre plate.
As measure of lipid peroxidation, the amount of TBARS was measured using the assay described by Conti et al. [20] . In short, a standard curve was prepared using a stock solution of 1,1,3,4,-tetramethoxypropane. A 50 µl aliquot of a sample or standard was added in duplicate to a glass tube containing 1 ml of 2-thiobarbituric acid solution. Tubes were incubated for 1 h at 96
• C. After incubation, samples were cooled on ice and TBARS were extracted with 4 ml of butanol. The fluorescence (λ ex = 515 nm and λ em = 553 nm) of the supernatant was measured on a spectrofluoriphotometer (RF-5000; Shimadzu, Kyoto, Japan). TBARS levels were expressed as nmol of malondialdehyde/ml.
Statistics
Since data measured were normally distributed with some outliers on either side, we used the Wilcoxon Signed Rank test for statistical evaluation. Differences were calculated between starting values and those after methionine loading within a group, and between Met + NAC group and Met group values at any time point. To correct for multiple testing, the Bonferroni correction was used. Therefore significance was reached at P < 0.03.
RESULTS
Thiol levels after methionine loading
After methionine loading, both the Met and the Met + NAC groups showed significantly increased median plasma homocysteine levels at each time point (P < 0.001), that reached a maximum after 8 h (Figure 2 ). Plasma homocysteine increased significantly more rapidly in the Met as compared with the Met + NAC group, which resulted in a 4-fold higher median level 8 h after methionine loading in the Met group compared with baseline, and a 3-fold increase in the Met + NAC group (P < 0.002). Both groups also displayed significant increases in the levels of free and oxidized homocysteine, with a maximum after 4 h (P < 0.001) and 8 h (P < 0.001) respectively. At these time points, the free homocysteine level in the Met + NAC group tended to be lower (P = 0.08), whereas the level of oxidized homocysteine was significantly lower (P < 0.01), compared with the Met group. Only in the Met group was the median free/oxidized ratio of homocysteine significantly decreased, reaching a minimum after 4 h (P < 0.03), whereas
Figure 2 Homocysteine and cysteine concentrations after methionine loading
Results are expressed as medians. ᭹, Met group (broken lines); , Met + NAC group (solid lines). Statistics: †P < 0.001, ‡P < 0.01, * P < 0.03 for the indicated time points compared with baseline; A P < 0.002, B P < 0.001, C P < 0.01 for Met compared with Met + NAC group. no significant decrease was found for the Met + NAC group. This resulted in a tendency to a higher ratio in the Met + NAC group as compared with the Met group after 8 h (P < 0.05). At 24 h after methionine loading, plasma free and oxidized homocysteine levels, as well as the free/oxidized ratio, had not yet recovered to the baseline values. Median total cysteine concentrations in plasma decreased after methionine loading in both the Met group and the Met + NAC group, reaching a minimum after 8 h (P < 0.001 and P < 0.01 respectively; Figure 2 ). At this time point, total cysteine levels tended to be lower in the Met + NAC than in the Met group; however, significance was not reached (P = 0.1). In both groups, the median levels of free and oxidized cysteine in whole blood were significantly increased, reaching a peak 2 h after methionine loading (P < 0.001). Levels of free and oxidized cysteine in the Met + NAC group were higher than those in the Met group after 2 h (P < 0.001). The free/oxidized ratio was significantly higher compared with the baseline value in both the Met and the Met + NAC groups 2 h after methionine loading, and it was also higher in the Met + NAC group in comparison with the Met group (P < 0.01) at this time point. All values recovered to baseline levels in both groups, except for plasma and free levels in the Met group, which remained depressed.
Plasma cysteinylglycine levels decreased significantly after methionine loading (Figure 3) . Cysteinylglycine decreased more rapidly in the Met + NAC group, reaching a minimum after 4 h, which resulted in a significantly lower median level (P < 0.03) compared with that in the Met group, which reached a minimum after 8 h. At that time a significantly lower plasma level was observed in the Met + NAC group as compared with the corresponding Met group value (P < 0.002). Although the levels of free and oxidized cysteinylglycine in whole blood showed a similar pattern to the corresponding plasma values, no significant differences between the Met and Met + NAC groups were found after methionine loading. Also, no significant differences were found for the free/oxidized ratio of cysteinylglycine. All values recovered to the levels observed before methionine loading, except for the plasma level in the Met group, which remained lower (P < 0.03). Plasma glutathione levels decreased significantly in both groups after methionine loading, and the lowest levels were found after 8 h (P < 0.001; Figure 3 ). Glutathione levels decreased more rapidly in the Met + NAC group than in the Met group, resulting in lower levels 2, 4 and 8 h after methionine loading (P < 0.002, P < 0.03 and P < 0.03 respectively). Although free glutathione levels seemed to fluctuate after methionine loading in both groups, no significant differences were found. Similar results were found for the levels of oxidized glutathione and the free/oxidized ratio.
Oxidative stress parameters after methionine loading
The antioxidant capacity, as measured by the FRAP assay, decreased slowly in both groups after methionine loading, reaching a minimum after 8 h (P < 0.03; Table 1 ). The antioxidant capacity seemed to decrease more rapidly in the Met + NAC group. In both groups the FRAP was normalized 24 h after methionine loading.
After methionine loading, no differences were seen in either group in the levels of oxidative protein damage, as measured by plasma carbonyl levels (Table 1) . A lower level of oxidative lipid damage, as measured by the TBARS assay, was seen in the Met group after 2 h (P < 0.001). No significant differences were found between the groups for either parameter of oxidative damage.
Table 1 Antioxidant capacity and carbonyl, TBARS and cFN levels in the Met and Met + NAC groups
Results are presented as median (25th-75th percentile). Statistics: * P < 0.03, * * P < 0.01, * * * P < 0.001 for indicated time point compared with baseline (0 h); †P < 0.01 for Met + NAC group compared with Met group at the indicated time point. a.u., absorbance units.
Met group
Met No significant effects of methionine loading on the concentration of cFN were found in either group. A comparison between the two groups did not reveal any significant differences (Table 1) .
DISCUSSION
Evidence is accumulating that increased homocysteine levels, induced by methionine loading, are accompanied by oxidative stress and endothelial dysfunction [13, 14, 21] . Further studies have shown that the adverse effects of methionine loading can be prevented, at least partially, by pretreatment with antioxidants such as vitamin C [15] . Our present study supports the hypothesis that the increased homocysteine concentrations that occur after methionine loading might have a prooxidant effect, since a decreased antioxidant capacity was noted. In addition, NAC administration after methionine loading resulted in a lower plasma concentration of homocysteine as well as in a decreased concentration of oxidized homocysteine in whole blood, indicating a beneficial effect of NAC via regulation of the thiol redox balance. Therefore our results may stimulate research on the use of NAC to maintain vascular redox balance in disorders in which oxidative stress plays a role.
Thiol status after methionine loading
Reduced, oxidized and protein-bound forms of thiols interact via redox and disulphide exchange reactions, and comprise an important component of the total redox buffer system [9, 22] . Our present results demonstrate that, in addition to plasma levels, whole-blood levels of free and oxidized homocysteine were increased after methionine loading. The higher oxidized levels may point to increased (auto)-oxidation, resulting in superoxide radical and hydrogen peroxide formation that could either induce or initiate oxidative stress. Since the free/oxidized ratio for homocysteine was significantly lowered only in the Met group, NAC seemed to prevent excessive oxidation of homocysteine, thereby probably ameliorating oxidative stress. A possible mechanism could be that, since over 50 % of homocysteine in plasma is protein-bound, NAC supplementation may lead to the displacement of protein-bound homocysteine by cysteine, as seen by the elevation in both free and oxidized levels of cysteine. This could lead to the formation of (mixed) disulphides, which have a high renal clearance [23, 24] .
The results with regard to whole-blood and plasma levels of cysteine after methionine loading were ambiguous. Levels of both free and oxidized cysteine in whole blood rose after methionine loading, with higher levels in the Met + NAC group after 2 h, whereas levels in plasma (where approx. 60 % of cysteine is protein-bound [25] ) were significantly decreased. The elevation of free and oxidized cysteine levels can easily be explained by the trans-sulphuration of methionine and the deacetylation of NAC [10] . Since plasma cysteine is the main source of cysteine for many cells and organs, and is essential for the synthesis of glutathione [1] , the lower plasma levels of cysteine may point to an increased utilization of plasma cysteine for the synthesis of glutathione as a reaction to the formation of ROS induced by the (auto)-oxidation of homocysteine.
Since reduced glutathione is a well-known scavenger of ROS and peroxides, we hypothesized that the free/oxidized ratio and the levels of glutathione would decrease after methionine loading, and that NAC might prevent the loss of glutathione or boost its synthesis due to the increased availability of cysteine [10] . However, we could not demonstrate any significant differences in the levels of free and oxidized glutathione, or in the free/oxidized glutathione ratio, between the groups. This is most likely explained by the rapid reduction of the oxidized form by glutathione reductase. Cellular excretion of oxidized glutathione could lead to the cellular loss of glutathione. To maintain cellular glutathione homoeostasis, the intracellular synthesis of glutathione would be increased, leading to depletion of plasma cysteine, which was demonstrated in the present study. In this way NAC could prevent excessive depletion of plasma cysteine; however, the opposite was found. This might indicate that the induced oxidative pressure after methionine loading did not exhaust the intracellular glutathione or cysteine pools. In the absence of an increased demand for glutathione or cysteine, it is unlikely that NAC would be used in the synthesis of glutathione [10] . The lower plasma glutathione levels in the Met + NAC group as compared with the Met group are more likely to indicate the occurrence of increased renal clearance, which seems to be facilitated by NAC, as discussed above for homocysteine and cysteine.
Parameters of oxidative stress after methionine loading
In line with the findings of Ventura et al. [12] , antioxidant capacity decreased in both the Met and the Met + NAC groups after methionine loading, which might be indicative of higher levels of ROS. These findings therefore support the hypothesis that increased homocysteine concentrations might have a pro-oxidant effect [26, 27] . Although the FRAP assay does not measure SH-containing antioxidants, we expected an indirect influence on antioxidant capacity; since NAC has antioxidant properties and is also able to enhance glutathione synthesis, it could prevent the use of other antioxidants [28] . The antioxidant capacity in both groups decreased after methionine loading, which might be due to generation of ROS by (auto)-oxidation of homocysteine. Surprisingly the antioxidant capacity decreased more rapidly in the Met + NAC group. As described above, ROS such as superoxide and hydrogen peroxide are reduced mainly by oxidation of the free -SH moiety of glutathione and other thiols, whereas NAC is a precursor of glutathione and provides free -SH groups. Hypothetically, the increase in free -SH residues due to NAC administration may make other antioxidants redundant, resulting in a lower antioxidant level as measured by the FRAP assay.
Direct oxidative attack on amino acid residues, as well as modification of side chains by peroxidation products, will result in the generation of protein carbonyls. Therefore carbonyls may serve as a general marker of oxidative stress. In contrast with the report of Ventura et al. [12] , who found 2.5 times higher levels of carbonyl groups after methionine loading using the same amounts of methionine, the median levels of protein carbonyls in our present study were not changed significantly in either group after methionine loading. This might indicate that proteins were not exposed to oxidative stress. A possible explanation is that, in our subjects, the oxidoreductase capacity (which is able to regenerate oxidatively damaged proteins) was not exceeded [29] , or that the antioxidant capacity was sufficient to cope with the increased superoxide production generated during (auto)-oxidation of homocysteine.
TBARS values also showed considerable variation after methionine loading. In the Met group, lower levels were found after 2 and 4 h compared with the baseline value. However, the baseline level was relatively high compared with the other values, which might explain the difference found. No significant differences in TBARS levels were found between the two groups. This was in line with the findings of Chao et al. [21] , and provides another argument against the generation of lipid peroxides as a result of methionine loading. Results in the literature with regard to lipid peroxidation after methionine loading are conflicting: one study found increased lipid peroxidation [12] , whereas this was not demonstrated by others [21] . However, different markers of lipid peroxidation, i.e. phospatidylcholine hydroperoxide and malondialdehyde [21] or conjugated dienes [12] , were studied, which complicates a comparison.
Total circulating fibronectin is associated with tissue repair. Since the cFN isoform is localized primarily to the endothelium, it is considered to be a specific marker of endothelial injury [30] . Recently, Powers et al. [14] showed that homocysteine-induced oxidative stress might result in endothelial dysfunction, as measured by plasma cFN levels. Although these workers were unable to demonstrate that the endothelial dysfunction was a direct effect of elevated homocysteine levels, in a previous study they showed a positive correlation between cFN and homocysteine levels in the plasma of women with pre-eclampsia [31] . Therefore we expected to find an increase in cFN levels after methionine loading. However, we could not confirm the results of Powers et al. [31] , since no significant differences were found in cFN concentration between the Met and Met + NAC groups. Therefore we did not demonstrate clear evidence that an increase in homocysteine is directly linked to endothelial dysfunction, as measured by cFN.
Conclusions
In summary, methionine loading generated acute increases in the plasma levels of homocysteine, as well as in the whole-blood levels of free and oxidized homocysteine. The significant shift to the oxidized form of homocysteine in the Met group might indicate the induction of oxidative stress by increased superoxide generation. Also, the decreased antioxidant capacity in both groups points to an increased formation of ROS. However, no significant changes were found in the levels of products of oxidative damage (protein carbonyls and TBARS), or of the endothelium dysfunction marker cFN, which might indicate that ROS generated by homocysteine may be entirely counterbalanced by antioxidants, resulting in the lower antioxidant capacity observed.
When NAC was administered after methionine loading, the increases in total homocysteine levels in plasma, as well as in the levels of free and oxidized homocysteine in whole blood, were smaller than in the absence of NAC. Additionally, NAC prevented oxidative stress, since there was no significant shift to the oxidized form of homocysteine with NAC.
